Abbreviations: CR/R, ratio between correlated response to indirect selection at an early generation and response to direct selection at homozygosity; EGT, early generation testing and selection; LD, linkage disequilibrium; S(CR/R), cumulative response to indirect selection over two or more early generations relative to direct selection response at homozygosity.
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RESEARCH
I
n breeding for self-pollinated crop cultivars, early generation testing and selection (EGT) is widely used as a means of saving resources for more intensive testing of superior lines and expediting the breeding process. Clearly, EGT would be preferred if the performance of a selected line at an early generation of selfi ng is predictive of its fi nal performance at homozygosity. However, based on intergeneration correlations, many empirical studies have shown that EGT for yield and other agronomic traits may be eff ective (Mahmud and Kramer, 1951; Frey, 1954; Ntare and Aken'Ova, 1985; Sharma, 1994; St. Martin and Geraldi, 2002; Jones and Smith, 2006) or ineff ective (Weiss et al., 1947; Briggs and Shebeski, 1971; Knott and Kumar, 1975; Seitzer and Evans, 1978; Padi and Ehlers, 2008 ). An earlier theoretical study based on a simple genetic model at unlinked and nonepistatic loci (Bernardo, 2003) precluded genetic causes of ineff ective EGT, but Yang (2008) recently showed that some epistasis patterns and repulsion linkages would cause a considerable reduction in intergeneration genetic correlations. Even with the simple
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ABSTRACT
Despite widespread use of early generation testing and selection (EGT) in breeding for self-pollinated crops, its effectiveness remains largely an unresolved issue. This issue is tackled here using elaborated genetic models that enable genetic and nongenetic effects to be assessed for the effectiveness of EGT in terms of (i) the selection response at one or more early generations relative to the response to direct selection at homozygosity and (ii) the probability of retaining superior lines selected during EGT. The selection response to EGT is analyzed for a model with quadratic genetic components due to additive, dominance, additive × additive, and linkage effects in selfed populations derived from a cross between two inbreds. The response to one cycle of EGT is less than the response to direct selection and decreases with nonadditive effects, repulsion linkage and reduced heritabilities. The cumulative response to two or more cycles of EGT is greater than the response to direct selection unless there are strong nonadditive effects, strong repulsion linkage, and low heritabilities. The probability of retaining a superior line at EGT decreases with increased nonadditive effects and low heritabilities. The proportion of lines needed to minimize the risk of erroneously culling superior lines increases with increased nonadditive effects and low heritabilities. Thus, EGT should be used for population or traits with little nonadditive effects, coupling linkage and high heritabilities.
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additive-dominance genetic model, the possibility of strong dominance with the dominance variance being greater than the additive variance as shown recently by Wardyn et al. (2007) has not yet been considered, and the presence of strong dominance may change the balance of genetic and nongenetic eff ects on the eff ectiveness of EGT. Intuitively, both intergeneration genetic correlations and heritabilities need to be suffi ciently high for eff ective EGT, but their joint eff ects remain to be investigated. Cockerham and Matzinger (1985) used the covariance between selfed progenies in early and late generations to formulate the response to EGT. These workers showed that in addition to additive eff ects, dominance and additive × additive epistatic eff ects would also contribute to the immediate, intermediate, and fi nal (permanent) response to EGT. This is in contrast to the situation with open-pollinated crops where only additive eff ects are involved in permanent response to EGT because dominance or additive × additive epistatic variance contributing to the initial response would dissipate with continued random mating (Griffi ng, 1960; Cockerham, 1984) . The genetic model by Cockerham and Matzinger (1985) included additive, dominance, and additive × additive epistatic eff ects for arbitrary numbers of alleles and loci. However, while their treatment of linkage eff ect was appropriate for the noninbred linkage equilibrium population assumed, it is inappropriate for selfed populations derived from a cross between two homozygous lines because linkage disequilibrium should remain substantial in early generations of selfi ng (Yang, 2008) . In addition, EGT is often performed at two or more generations and thus a cumulative response to selections over these generations should be used for evaluating the eff ectiveness of EGT.
A second commonly used measure of the eff ectiveness of EGT is the risk of prematurely culling the lines at an early generation that might be genetically superior at the advanced generation. This measure is often used for evaluating the eff ectiveness of early generation testcross performance in maize (Zea mays L.) (Bernardo, 1991 (Bernardo, , 1992 Hallauer, 2007) . With imperfect intergeneration correlations and low heritabilities, the greater selection intensity, the greater the risk. Bernardo (1991 Bernardo ( , 1992 evaluated such risk by calculating the probabilities of retaining superior lines under diff erent levels of inbreeding and heritability. Such probabilities help plant breeders to balance out the ability to retain an appropriate portion of lines with the risk of losing superior lines by choosing a particular combination of testing stages and portions of retained lines. However, intergeneration genetic correlations under Bernardo's model for testcross data is based on a simple additive-dominance model and is a function of inbreeding coeffi cients at selfi ng generations only. The general form of intergeneration correlation between selfed relatives may also involve other factors describing modes of gene action and nongenetic infl uences.
The objective of this paper is to determine the eff ectiveness of EGT in terms of (i) the correlated response to indirect selection in one or more early generations relative to the response to direct selection at homozygosity and (ii) the risk of losing superior lines when EGT is performed. The theoretical and numerical analyses are performed for a model with quadratic genetic components due to additive, dominance, additive × additive, and linkage eff ects in selfed populations derived from a cross between two homozygous lines.
THEORY AND METHODS
Genetic Structure of Selfed Populations
I consider inbred populations that are derived from a cross between two fully homozygous lines through successive selfi ng. The F 2 population has the genotypic frequencies that are the same as expected at Hardy-Weinberg equilibrium (a quarter for each of the two homozygotes and one-half for the heterozygotes at individual loci), and it is often considered as the noninbred base population with zero inbreeding coeffi cient (i.e., f 2 = 0; the lowercase f rather than the usual capital letter F is used for inbreeding coeffi cient to avoid the confusion with the notation of fi lial generations). As the reference for interpreting the inbreeding coeffi cient, the F 2 generation is also referred to as the S 0 generation because it is the starting point (before selfi ng) for a random collection of individuals from an open-pollinated population as often the case in maize breeding (Hallauer and Miranda, 1988; Hallauer, 2007) . The inbreeding coeffi cient in any subsequent generation of selfi ng is f k = 1-(1/2) k-2 for k ≥ 2 (Bernardo, 2002, p. 34) . In particular, the inbreeding coeffi cient of homozygous lines at the F ¥ generation is f ¥ = 1.
The F 2 population is in linkage disequilibrium (LD) if there is a diff erence between the frequencies of coupling and repulsion double heterozygotes at a pair of loci. This LD may exist for linked or unlinked loci even when there is Hardy-Weinberg equilibrium at each of these loci. One or more cycles of random mating before selfi ng may be needed to eliminate LD in F 2 (Gates et al., 1957) . However, random mating of F 2 plants is generally not practiced in most breeding programs because it is diffi cult and costly in self-pollinated crops. In addition, the decay of LD is slow for tightly linked loci in an inbred population, and the eff ect of one or more generations of random mating may be negligible (Bernardo, 2002) . In this study, LD is therefore allowed in the F 2 and subsequent selfed populations.
Genetic Covariances of Selfed Relatives
With additive, dominance, and additive × additive epistatic eff ects defi ned for the F 2 noninbred and linkage equilibrium population, the genotypic covariance (Cov) between F k -derived F n and F k -derived F n' lines all tracing back to the F 1 is well known (e.g., Horner and Weber, 1956; Nyquist, 1991; Yang, 2008) , (k;n,n¢), respectively, because the F 2 population with respect to these pairs of linked loci are in LD (the diff erence between frequencies of double heterozygotes in coupling and repulsion phases). Similarly, the quadratic terms other than (1 + f k ) 2 s 2 AA in s 2 AA (k;n,n¢) arise from the presence of linkage and LD. Cockerham and Matzinger (1985) focused on the development of a multiallelic model but provided only a partial treatment of the linkage eff ect on the covariance between selfed relatives. For example, because linkage equilibrium (i.e., no LD) is assumed in their reference population (equivalent to F 2 in the present case), their covariance did not include the cross product term of additive eff ects (a i a j ). In the absence of linkage and LD in the F 2 population, the cross-product terms (a i a j and 
Heritabilities and Intergeneration Correlations of Selfed Populations
The covariance in Eq.
[1] can be used to calculate the heritability in selfi ng generations and genetic correlation between the generations. The heritability (h 2 ) in F k -derived F n lines is the ratio of the genotypic variance among these inbred lines [Cov(k, 1; n, n) 
where s 2 -en is the residual variance in the F k -derived F n lines (Nyquist, 1991; Holland et al., 2003) . The heritability in Eq.
[3] is obviously not the narrow-sense heritability as usually defi ned for an outbred population if nonadditive variances as well as linkage and LD may be presented (cf. Equation [2] ). The heritability for the F ¥ homozygous lines is, 2 2 2 e P Cov ( ,1; , ) Cov( ,1; , )
where s 2 -e∞ is the residual variance in the F ¥ homozygous lines. For subsequent assessment of the eff ectiveness of EGT, the ratio of heritabilities at early and late selfi ng generations is needed:
The phenotypic variances in F n and F ¥ lines (s 2 -Pn and s 2 -P∞ ) diff er because they have diff erent genetic contents. However, if the residual variance accounts for a great portion of the total phenotypic variance (due to large genotypeenvironment interaction variance components and limited multi-environmental testing) and if both early and advanced selfed lines are evaluated in the same environments, then the two phenotypic variances may be similar and the ratio of heritabilities may be approximated by ) , with a i , and d i being the additive and dominance eff ects at the ith locus and aa ij being the additive × additive epistatic eff ect between the ith and jth loci as defi ned for the F 2 population, respectively. The second argument in Cov(k,1;n,n¢ ) is referred to the F 1 and is needed to facilitate hierarchical subdivision of Cov(k,1;n,n¢ ) into portions related to various subpopulations (Gates et al., 1957) ,
, with Cov(k,k − 1;n,n¢) being the covariance between F n and F n¢ generations tracing back to F k plants within F k−1 subpopulations. In the earlier assessment of EGT, Bernardo (2003) included only additive and dominance variances in Cov(k,1;n,n¢). In the present study, I also include the additive × additive epistatic eff ect because the additive × additive variance may be larger than the dominance variance in many self-pollinated crops with little inbreeding depression (Baker, 1984; Cockerham, 1984; Holland, 2001) .
The presence of linkage and LD adds a considerable amount of complication to the covariance expression in Eq.
[1]. Let (1 − l ij )/2 be the recombination value between the ith and jth loci with the known range of 0 ≤ l ij ≤ 1 from no linkage or free recombination (l ij = 0) to complete linkage or no recombination (l ij = 1). Using the results for pairs of loci in table 1 of Yang (2008) , the covariance between selfed relatives in Eq. [1] is modifi ed: 
where ± indicates coupling (+) or repulsion (−) linkage in the F 1 generation. Cross products of additive eff ects (a i a j )
In the absence of nonadditive variances with no linkage and no LD, this heritability ratio becomes
which means that the heritability in any partially inbred population would always be less than that in the completely inbred population. The genetic correlation between the performance of F k -derived F n lines and their descendant homozygous lines at the F ¥ generation is
where the intergeneration genetic covariance and the genetic variances at early and late generations are obtainable from Eq.
[1]. In the absence of nonadditive variances with no linkage and no LD, Eq.
[7] becomes
as given in Bernardo (2003) .
The correlation between the phenotypic means of an F k:n line and a descendant homozygous line (r PnP∞ ) at the F ¥ generation is determined jointly by the intergeneration genetic correlation (r GnG∞ ) and heritabilities at the two generations (h 2 n and h 2 ∞ ):
provided that two environments in early and advanced generations are not related. In the absence of nonadditive variances, this phenotypic correlation may be approximated by
where h 
Relative Effectiveness of Early Generation Selection
To assess the eff ectiveness of EGT, I consider the measurements of the same trait (e.g., yield) in early and late generations as two diff erent traits. The correlated response to indirect selection (CR) on an early generation relative to the response to direct selection (R) on homozygous lines at the F ¥ generation equals the intergeneration correlation (r GnG∞ ) times the square root of the ratio between heritabilities in the early and late generations so long as the same selection intensity is used in both types of selection (Falconer, 1952; Bernardo, 2002, p. 265) :
Given that r GnG∞ cannot exceed the maximum of 1.0, the condition of h 2 n / h 2 ∞ > 1 must be satisfi ed for indirect selection (EGT) to have any possibility of being more eff ective. It is evident from Eq. [6b] that the condition of h 2 n / h 2 ∞ > 1 is not possible under the strict additiveeff ect model. Such conditions may exist in the presence of nonadditive eff ects, but the presence of nonadditive eff ects may also cause the change in r GnG∞ . A slightly diff erent but equivalent formulation of the eff ectiveness of EGT is the ratio of permanent response from selection in the F kderived F n lines (D n ) to response from selection among progenies at homozygosity (D ¥ ) (Cockerham and Matzinger,1985) :
It is evident from Eq.
[5], [6], and [7] that the D n /D ¥ ratio is the same as the CR/R ratio given in Eq.
[11]. The CR/R ratio is expressed in terms of more familiar quantitative genetic parameters (i.e., genetic correlation and heritabilities), whereas the D n /D ¥ ratio is more directly phrased in terms of the covariances between selfed relatives. When EGT is practiced in two or more successive generations of selection and inbreeding (selfi ng), its eff ectiveness is measured by the cumulative response over these generations relative to the selection response at homozygosity:
assuming the same selection intensity across all the generations. In a special case where selection is performed in an early and an advanced generation, the appropriate cumulative response is ( )
If the selection intensities vary in diff erent generations, then Eq.
[13] is modifi ed as
where i x is the standardized selection diff erential at the xth generation. For example, suppose that EGT is performed in F 2 -derived F 3 lines to F 2 -derived F 6 lines; then the cumulative response over these generations relative to the selection response at homozygosity is
Risk of Losing Superior Lines at EGT
An eff ective EGT would also be indicated by the minimum risk of erroneously discarding genetically superior lines during EGT. In other words, EGT is eff ective if there is a high probability that a fully homozygous (F ¥ ) superior line is retained by selecting the top percentage (1% ≤ a n ≤ 50%)
of all F k -derived F n lines during EGT. Actually, this is the conditional probability that the mean value of an
) lies in the top percentage (1% ≤ a n ≤ 50%) of the distribution, given the mean value of its descendant F ¥ line (F -
) is in the upper a ¥ (1% ≤ a ¥ ≤ 50%) of the distribution (cf. Bernardo, 1991 Bernardo, , 1992 : :
: :
where z a n and z a ∞ are the truncated points of the standardized normal distributions below which all lines are discarded, r PnP∞ is the correlation between the phenotypic means of F k -derived F n and homozygous (F ¥ ) lines as given in Eq.
[9], 1/2 2 :
The standardized normal variates, u and v, are deviations of individual line values in F n and F ¥ generations from their respective population means, which are further divided by their respective standard deviations.
Numerical Analysis
The relative magnitudes of the correlated response to indirect selection in early generations and the response to direct selection at the F ¥ generation (CR/R) are calculated for 5600 parameter combinations (5 levels of dominance × 4 levels of epistasis × 7 levels of linkage × 4 levels of nongenetic eff ects × 10 partially inbred populations). The strengths of diff erent nonadditive and nongenetic eff ects are all measured in terms of ratios of their variances to the baseline additive variance (s 2 A ). Thus, the fi ve levels of dominance are s (Hallauer and Miranda, 1988) . However, a recent study by Wardyn et al. (2007) showed the result of s = 100 : 1) is included to demonstrate the drastic opposing eff ects of intergeneration correlations and heritabilities on the response ratio (CR/R). The four levels of epistasis and four levels of nongenetic eff ects are chosen somewhat arbitrarily but are consistent with conventional wisdoms in the literature (e.g., Baker, 1984; Holland, 2001) . Seven levels of linkage (l) include no linkage (l = 0) and three values (l = 0.1, 0.4, and 0.95) for each of coupling and repulsion linkages. The 10 partially inbred populations are the same as those used in Bernardo (2003) and Yang (2008) for evaluating the eff ectiveness of EGT. Coeffi cients of additive, dominance, and additive × additive epistatic genetic variance components and LD quadratic components for arbitrary linkage values for these populations are given in Table 1 .
The procedure of assessing the risk of losing superior lines during EGT by Bernardo (1991 Bernardo ( , 1992 ) is extended to include the nonadditive eff ects with or without linkages and to allow for the uncertainty of identifying homozygous lines at the F ¥ generation (i.e., h 2 ∞ < 1). Specifi cally, Eq. [16] is used to calculate the conditional probability [Pr(F -
) is in the upper a ¥ (1% ≤ a ¥ ≤ 50%) of the distribution. For a given a n or a ¥ , the truncated point, z a n or z a ∞ , can be determined using SAS function TINV with a very large number of degrees of freedom (e.g., 10 8 ), such as z a n = TINV(1 − a n , 10 8 ) (SAS Institute, 2004) . The joint probability in Eq. [17] can be calculated using SAS function PROBBNRM with [Pr(F - (SAS Institute, 2004) . These probability calculations are performed for each of the 5600 parameter combinations of nonadditive eff ects, linkages, nongenetic eff ects, and partially inbred populations as described above.
RESULTS
Selection in One Early Generation
With no epistasis (s 2 AA = 0) and no linkage (l = 0), the ratios of responses of indirect selection (EGT) to direct selection at the F ¥ generation (CR/R) are all less than unity even when EGT is delayed and heritabilities in partially inbred populations or intergeneration genetic correlations (r GnG∞ ) are high ( Table 2 It is also evident from Table 2 that when EGT is delayed (i.e., k stays the same and n increases), the r GnG∞ values increase and the h Reproduced from Crop Science. Published by Crop Science Society of America. All copyrights reserved. in F 6 ). Such rapidly declined impact of dominance eff ect is responsible for increased intergeneration correlations and thus improved effi ciency of indirect selection from 17 to 56% of the direct selection when evaluation and selection are deferred from the F 2 -derived F 3 lines to F 2 -derived F 6 lines.
The presence of additive × additive epistasis (s 2 AA > 0) but still the absence of linkage (l = 0) further reduces the effi ciency of indirect selection (EGT) on segregating lines at an early generation (Table 3 ). For example, the response ratio (CR/R) with EGT being performed in F 2:3 lines is 0.489 for s Table 2 ). Such difference diminishes with increasing level of inbreeding so that the response ratios (CR/R) in F 5:6 lines are almost the same with epistasis (CR/R = 0.936) and without epistasis (CR/R = 0.948).
The eff ectiveness of EGT decreases with the increasing infl uence of nongenetic eff ects regardless of whether or not the additive × additive epistasis (Tables 2 and 3 . As shown in Table 1 , the coeffi cient for the additive × additive epistatic variance (s 2 AA ) is the amount that contributes to the genotypic variance in the F 2 generation but four times that contributes the genotypic variance in the F ¥ generation.
Selection in Several Early Generations
With the absence of nonadditive genetic variances (i.e., s 2 D = s 2 AA = 0), the cumulative response over two or more consecutive early generations relative to the selection response at homozygosity [S(CR/R)] is simply CR/R multiplied by the number of generations involved (Table 2) Table  2 ). The presence of epistatic eff ect leads to a similar reduction in the cumulative response (Table 3) . The values of S(CR/R) would also vary with the selection intensity if it is diff erent from generation to generation. There are many cases where the values of S(CR/R) remain less than 1 if EGT is performed in only one or two early generations.
Linkage Effect
For clarity, the nonadditive (dominance and epistatic) eff ects (Tables 2 and 3) are portrayed for the case of no linkage (l = 0). The linkage eff ect on the selection response (Table  4) Table 3 . The CR/R and S(CR/R) values increase with increasing coupling linkages but decrease with increasing repulsion linkages in the early generations of selfi ng. For example, the response to selection in F 2:3 lines relative to the response from direct selection at homozygosity is 0.489 when there is no linkage but is increased ~25% to 0.611 when there is strong coupling linkage (l = 0.95) and decreased ~43% to 0.280 when there is strong repulsion linkage (l = 0.95). The linkage eff ect is progressively lessened with increasing inbreeding (i.e., continued selfi ng). For example, the CR/R values for the selection in the F 5:6 lines are all close to one regardless of whether there is linkage and LD. Another interesting feature from Table 4 is that under strong repulsion linkage (l = 0.95), the heritability at homozygosity is h 
The ratios of correlated response to indirect selection in F k:n lines (CR) in one early generation (CR/R) and multiple [S(CR/R)] early generations to response to direct selection at the F
Risk of Losing Superior Lines at EGT
The probability that a selected F k:n line remains superior in the F ¥ generation depends on stage of testing (level of inbreeding), linkage status, heritabilities at early and late generations, intergeneration genetic correlation, and proportion of F k:n lines selected. As expected, such probabilities increase with coupling linkages but decrease with repulsion linkages (results not presented). Thus, the following description of additive and nonadditive eff ects on the probabilities is given only for the case of no linkage (l = 0). For each parameter combination, the conditional probabilities that a superior line in the F ¥ generation is retained by selecting the top proportion of F k:n lines vary with the proportion of F k:n lines selected (1% ≤ a n ≤ 50%) and the proportion of F ¥ lines required for being retained (1% ≤ a ¥ ≤ 50%). Figures 1 and 2 are the two representative Reproduced from Crop Science. Published by Crop Science Society of America. All copyrights reserved.
three-dimensional probability profi les. The genetic model in both graphs is a simple model of additive eff ect, but there is no nongenetic infl uence in Fig. 1 (r G3G∞ = 0.707, h 3 2 = h ∞ 2 = 1) whereas there is strong nongenetic infl uence (r G3G∞ = 0.707, h 3 2 = 0.25 and h ∞ 2 = 0.4). Evidently, the profi les show that the probabilities of retaining the best lines are higher in perfect heritability (Fig. 1 ) than in low heritability (Fig. 2) .
Diff erent genetic conditions require varying minimum proportions of F k:n lines (e.g., F 2:3 lines) being retained to ensure that at least 70% of the lines would eventually be in the top 5% of the distribution in the F ¥ generation (Table 5) 
DISCUSSION
This study evaluates the eff ectiveness of selection at one or more early generations in selfed populations derived from a cross between two homozygous lines under an elaborated model including quadratic genetic components arising from additive, dominance, additive × additive, and linkage eff ects. The obvious new feature of this elaborated model (Eq. [2] and Table 1 ) is the addition of quadratic components arising from LD eff ects into earlier models (e.g., Cockerham and Matzinger, 1985) . The results show that one cycle of EGT will never be more eff ective than direct selection at homozygosity regardless of the types and levels of nonadditive variances, heritabilities, and linkage at diff erent generations of selfi ng (Tables  2, 3 , and 4). In the best-case scenario where there is only ) with f k < 1. In any case, the ratio of responses of indirect selection at an early generation to direct selection at the F ¥ generation is always less than unity (CR/R < 1).
Since EGT is often practiced at two or more early generations of selfi ng in which each growing season sees tests conducted and lines selected for further testing, I also analyzed the cumulative response to selection over multiple early generations (see Eq.
[13] or Eq.
[15]). It is clear from Tables 2 and 3 that when F 2 -derived or F 3 -derived lines are tested, such EGT is more eff ective than the direct selection at homozygosity [i.e., S(CR/R) > 1] in most cases. However, the presence of nonadditive genetic variances and/or varying selection intensities would sometimes lead to the situation in which EGT at a limited number (<3) of generations is less eff ective than the direct selection [S(CR/R) < 1]. The intensity and confi guration of linked loci also infl uence the CR/R and S(CR/R) values with an increase for strong coupling linkage but a decrease for strong repulsion linkage.
Early generation testing and selection is not particularly eff ective with a low heritability (Tables 2, 3 , and 4), confi rming the same conclusion drawn elsewhere (Walsh and Lynch, 2000; Bernardo, 2003) . For yield and other low-heritability traits, the selection response may not be high enough to justify the considerable amount of eff ort and expense required for yield testing over early generations. Furthermore, for smallgrain crops such as barley (Hordeum vulgare L.) and wheat (Triticum aestivum L.), the number of seeds per F 2 plant may be too small for reliable yield testing of their progenies. Given that genotype × environment interaction is often important for yield and many other quantitative traits, the small Reproduced from Crop Science. Published by Crop Science Society of America. All copyrights reserved. amount of seed is not suffi cient for the required extensive yield testing across a large number of environments. In this case, EGT needs to be delayed so that the suffi cient amount of seed can be produced from one or more additional generations of selfi ng.
Even when EGT is ineff ective in terms of the selection response, it can still be advantageous over the direct selection in other ways. First of all, EGT is necessary to reduce the size of breeding population to a manageable portion. Moreover, culling inferior lines at one or more early generations enables more resources to be allocated for extensive testing of superior lines in the number of environments, thereby increasing the heritability estimates. Second, even with unlimited resources, the continued inbreeding (selfi ng) over generations without selection would lead to the progressively infrequent occurrence of individuals or lines with favorable alleles at a large number of loci. Following Walsh and Lynch (2000) , the probability that an individual carries one or two favorable alleles at each of m unlinked and nonepistatic loci in the F k generation derived from a cross between two pure lines is [(3 -f k )/4] m . For example, if 12 unlinked and nonepistatic loci are involved, 1 out of every 31 F 2 plants has favorable alleles at all 12 loci but only one out of every 4096 F ¥ lines does. In other words, even with a modest number of loci, a very large number of F ¥ lines must be maintained to ensure that the best lines will be retained in the sample for yield testing at the advanced generations of selfi ng. With EGT, however, the increased probabilities of retaining superior lines at the F ¥ generation under numerous combinations of genetic and nongenetic conditions ( Fig.  1 and 2 , Table 5 ). Third, for traits with high heritabilities, EGT (indirect selection) must be as nearly eff ective as the direct selection (Eq. [11]) because the ratio of the heritabilities at early and late generations should be close to one (h 2 n /h 2 ∞ » 1) and, as Bernardo (2003) showed, r GnG∞ is high due to high heritabilities.
For a given proportion of selected lines in an early generation, lower heritability also leads to smaller probability of retaining the top lines ( Fig. 1 and 2) . However, maintaining an oversized proportion of selected lines can be a signifi cant waste of the resource because all but one line at homozygosity will eventually be discarded. This raises a practical question of optimizing the number of lines retained to minimize the risk. Under a simple additive-dominance model in testcross populations, Bernardo (1992) suggested a selected proportion of ~25% to strike the reasonable balance between the number of lined retained from EGT and the risk of losing genetically superior lines. In more complex genetic models examined in the present study, the minimum proportions of EGT lines to be retained in selfed populations vary from 15 to 50% (Table  5) . Direct selection among the F ¥ homozygous lines is not risk free when heritability values are low. In fact, there are numerous cases where selection among F 2:3 lines is more eff ective with a higher heritability than selection among F 5:6 lines with a lower heritability (data not presented). The selection among the F 5:6 lines may be reliably indicative of direct selection because its genetic correlation of Reproduced from Crop Science. Published by Crop Science Society of America. All copyrights reserved. r G6G∞ = 0.968 is very close to the perfect correlation at homozygosity (r G∞G∞ = 1). Similar results were obtained in Bernardo (1992) for early generation testcross performance. These results imply that intense direct selection on phenotypic values of homozygous lines also runs the risk of culling a large portion of the selected lines that are genetically superior.
This study focuses on the response to indirect family selection based on unrelated progenies in an early generation that are developed using either the single-seed descent or the bulk method. If the progenies are developed using the pedigree method, EGT may be performed both among and within F k -derived lines (Pederson, 1969) . The appropriate covariance for formulating the response in the F n¢ generation from within-family selection in the F k generation is
